The Zeno effect is investigated for soliton type pulses in a nonlinear directional coupler with dissipation. The effect consists in increase of the coupler transparency with increase of the dissipative losses in one of the arms. It is shown that localized dissipation can lead to switching of solitons between the arms. Power losses accompanying the switching can be fully compensated by using a combination of dissipative and active (in particular, parity-time -symmetric) segments. c 2011 Optical Society of America OCIS codes: 190.0190, 060.1810, 190.5940 A nonlinear coupler is one of the most common and well studied optical devices (see e.g. [1]). Two decades ago it has been realized in [2] , that a coupler whose arms include dissipation and gain can greatly enrich the dynamical properties of the device. Remarkably, the interest in a coupler with gain and loss has recently been revitalized, since it has been linked to the so-called paritytime symmetric potentials [3, 4] . It has been reported that a passive coupler, where the dissipation acts alone (without gain) may also represent a significant interest. In particular, the phenomenon of light localization was observed in a linear coupler with a dissipative arm [5] , where the phenomenon was attributed to the parity-time symmetry related properties. The reason for this is that in the linear case we can invoke a trivial transformation in order to reduce the pure dissipative system to a system with gain and loss. However, later on in [6], it was argued that the increase of the transparency is intrinsic to the pure dissipative nature of the phenomenon when the dissipative losses grow. This can be observed in pure dissipative nonlinear systems as well. Even earlier this possibility was indicated in [7] on the basis of the analogy between the mean-field dynamics of Bose-Einstein condensate and optics of Kerr media. Moreover, it was shown in [6] that observation of the anomalous transparency of either a linear or a nonlinear coupler has on the one hand relation to elementary properties of a mechanical pendulum with dissipation and on the other hand to the Zeno phenomenon.
A nonlinear coupler is one of the most common and well studied optical devices (see e.g. [1] ). Two decades ago it has been realized in [2] , that a coupler whose arms include dissipation and gain can greatly enrich the dynamical properties of the device. Remarkably, the interest in a coupler with gain and loss has recently been revitalized, since it has been linked to the so-called paritytime symmetric potentials [3, 4] . It has been reported that a passive coupler, where the dissipation acts alone (without gain) may also represent a significant interest. In particular, the phenomenon of light localization was observed in a linear coupler with a dissipative arm [5] , where the phenomenon was attributed to the parity-time symmetry related properties. The reason for this is that in the linear case we can invoke a trivial transformation in order to reduce the pure dissipative system to a system with gain and loss. However, later on in [6] , it was argued that the increase of the transparency is intrinsic to the pure dissipative nature of the phenomenon when the dissipative losses grow. This can be observed in pure dissipative nonlinear systems as well. Even earlier this possibility was indicated in [7] on the basis of the analogy between the mean-field dynamics of Bose-Einstein condensate and optics of Kerr media. Moreover, it was shown in [6] that observation of the anomalous transparency of either a linear or a nonlinear coupler has on the one hand relation to elementary properties of a mechanical pendulum with dissipation and on the other hand to the Zeno phenomenon.
The Zeno phenomenon, introduced in quantum mechanics in [8] and consisting in strong suppression of the decay of an unstable particle by means of permanent measurements, was argued [7] to have more general nature. This connection stems from the fact that in the mean-field (quasi-classical) approximation elimination of atoms is reduced to the effect of dissipation, which is described by the equations identical to those governing the light propagation in the unidirectional coupler [6] . Moreover, in [6] it was suggested how to implement a possible experimental setup for observation of the Zeno effect in optics. In particular the decay law of continuous wave (cw) radiation and the dependence of the damping in the opposite arm of the coupler was analyzed as function of dissipation. The regimes of anomalous optical transparency of the coupler were suggested. These studies, however, were concentrated on the steady beams, possessing no spatial-temporal structure. This raises the question about the possibility of observing the Zeno effect for optical solitons, which is the main goal of the present Letter.
The evolution of pulses in a nonlinear directional coupler is described by the system of coupled nonlinear Schrödinger (NLS) equations for the dimensionless fields u 1 (z, τ ) and u 2 (z, τ ) in the two arms
The variable z measures distance along the fibers and τ measures time in a reference frame moving with the group velocity of the optical carrier wave. The connection is described by coupling constants, which are set to be unity, as they can be incorporated into the definition of γ j , j = 1, 2, and which are subjected to losses (or gain) described by γ 1,2 [9, 10] To outline the main idea, we first consider the propagation of solitons in each of the arms. Assuming that soliton shapes change gradually, we employ the Lagrangian approach in the coupler [10] , i.e., we look for solutions of (1) in the form u
iφj , where the pulse parameters, i.e. the amplitudes A 1,2 , the duration a, and the phases φ 1,2 are considered as slow functions of the propagation distance z. Using this ansatz and following [10] we can calculate the averaged Lagrangian:
where the amplitudes, the relative phase φ = φ 1 −φ 2 , and the pulse duration are considered as dynamical variables. The associated Lagrange equations lead to the following dynamical system (see e.g. [10] for the technical details): 
Here F = (P 1 − P 2 )/(P 1 + P 2 ) characterizes the relative distribution of the power
dτ between the arms and Q = (P 1 + P 2 )/P 0 is the total power normalized to the input power P 0 at the coupler input Q(z = 0) = 1 and δ = P 0 /3a. Notice that in the obtained approximation the pulse width a is constant which explains why Eqs. (2) are identical to those obtained and studied in [6] for the coupler operating in the stationary regime. This also means that one can expect various types of dissipative dynamics with solitons, similar to those observed in the stationary regime. Now we turn to the direct numerical simulations of Eqs. (1) . First, in order to emphasize the main effects, we will assume that one of the arms (j = 1) is transparent, i.e., γ 1 = 0, and study the dynamical regimes depending on the losses γ 2 in the second arm. In Fig. 1 we illustrate our main result. Here we observe that applying the input pulse to the transparent arm for a relatively weak dissipation, the output power in both arms display exponential decay [panel (a)], while an increase of the losses by a factor 10, one strongly suppresses the power loss in the transparent arm, giving rise to a "Zeno soliton" in component
The two cases in Fig. 1 correspond to the input power below the threshold of switching of the conservative coupler (i.e. (2) with γ 1,2 = 0), which for the stationary coupler is A 2 cr = 6 [1] , while for the coupler operating in the solitonic regime it is A 2 cr ≈ 6.7 [1, 10] . Below the threshold the emergence of a Zeno soliton occurs independently of the input power P 1 (0). However, for input powers above the threshold the situation is changed. There appear two very different regimes of the soliton decay, as is shown in Fig. 2 . Starting with the undercritical input power we clearly observe the Zeno phenomenon, expressed in the decrease of the decay ex- Fig. 2(a) ]. It is remarkably well described by the law P 1 /P 1 (0) exp (−2z/γ 2 ). This law follows from the system (2) of the adiabatic change of the soliton parameters, and hence its physics is the same as described in [6] for the stationary coupler [we emphasize the very accurate approximation given by the system (2) here]. The field amplitude in the second arm, which is zero at the input, achieves its maximum at short distances (being always a few orders below the field amplitude of the first component) and after that rapidly decays. We also notice that energy transfer between the transparent and lossy arms is strongly suppressed by the losses. If the input power is well above the critical value, the situation is first inverted, and at small distances one observes a "standard" decay exponent proportional to γ 2 . However, as soon as the pulse power has decreased to some critical value, well estimated by A cr ≈ 6.7 [horizontal dashed line in Fig. 2(b) ], a change of the exponential decay, i.e., the Zeno effect, is observed.
To test the accuracy of the predictions given by (2), we performed numerical comparisons of the half-width at the half-maximum of the solution (which for u (s) 1 (τ ) is given by a arccosh( √ 2) used in Fig. 3(a) to normalize the width), and of the relative central phase φ(τ = 0, z) with the corresponding values of φ obtained from (2), see Fig. 3 . The peculiarity is that the width of the wavepacket in the lossy arm is about 1.5 times bigger than the width of the input soliton, which can be explained by the dominating dispersion in the second arm due to low intensity of the pulse.
It has been shown in [7] that rich possibilities of the control of the stationary modes in a two-mode (dimer) system can be achieved by using localized dissipation. In our case this scenario can be realized by using cou- pler arms, which are transparent everywhere except at localized dissipative segments. Now we turn to the dynamics of solitons in such systems focusing on the possibilities of implementing different switching regimes. The first simple illustration of the soliton switching is shown in Fig. 4(a) . At the input of the coupler both arms are transparent and the coupler is operating in the "soliton locked" regime (i.e. above the threshold). Without dissipation the main power would propagate in the first arm. If however, along the propagation distance in the first arm, a short dissipative segment is included, one observes switching of the power to the second arm (F < 0). This process is accompanied by the loss of more than 50% of the total power and with the change of the "direction" of rotation of the relative phase [the inset of Fig. 4(a) ]. The switching phenomena for solitons seen in Fig. 4 can be qualitativelly, but not quantitatively, reproduced by the approximate ODE model (2), which only have one parameter for the width a ≡ (a 1 + a 2 )/2.
The problems of losses can be completely resolved by using simultaneously dissipative and active gain segments. In Fig. 4(b) we use a parity-time (PT ) like segment, γ 2 (z) = −γ 1 (z), and observe that the total power do not decrease dramatically anymore. We emphasize, however, that in spite of the similarity of our model with PT structures the effect can be observed (and even optimized) using the engineering of the dissipative and gain defect, which do not have well defined symmetry (i.e. having different lengths or amplitudes). Finally, in the inset of Fig. 4(b) , we have engineered the amplitudes (Γ:s) and the translations (z a,b :s) of the first dissipation/gain segment, and in addition added a second segment of gain/dissipation in order to switch back, and with the total power being kept close to Q(z) ≈ 1.
To conclude we have reported the possibility of observation of the Zeno effect with solitons in a coupler with one transparent and one lossy arm. The effect consists in the increase of the total transparency of the coupler when the losses of one of the arms are increased. We have also shown that using dissipative segments one can perform efficient management of solitons, in particular switching them at will. Since the intensity losses are inevitable in (1) and (2), respectively. In (b) the simultaneous effect of the dissipative and active segments, representing a PT -like structure, i.e. γ 2 (z) = −γ 1 (z), with γ 1 (z) as in panel (a) but with Γ = 0.065. For the inset of (b) we have added a segment of gain/dissipation at a ∆z ∼ 10 distance, and used engineered parameters in order to keep Q(z) ≈ 1. In both (a) and (b) we use u 1 (z = 0) = 20 sech(10 √ 2τ ) and u 2 (z = 0) = 5 sech(5τ / √ 2), i.e. initially F (0) = 3/5.
the described systems, we have suggested simultaneous use of the dissipative and gain segments, in order to perform lossless manipulations of the solitons. 
